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physiolom and psycholorn for the quant i ta t ive examin- 
a t ion  o f  a t tent ion,  discriinination, perception and the  
l i k e ,  wide use i s  made of  various sorts o f  coi-rection 
2G2b-ulc Li .--.I- 2 y,,LLLc& a - 2  wcd ia 82 attem-1: -!:e obtain &i;a o n  
-&-,c c”tiate 03 such neural processes as exci ta t ion,  
internal and external inhibi t ion,  etc.  The seductive 
aspects  of these methods are  t h e i r  simplicity,  the ease 
with which the data obtained can be processed and t h e i r  
apgl icabi l i ty  i n  any conditions, even those o f  the most 
complex experiment. 
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_ *  - SOfiXE PRINCIPLES OF CORIBCTION TABLES 

RATE 03’ INFORNATION PROCESSINJ 
TO USZD FOR EVALUATION OF THX < . A  . 

\ - ? ,  i 

p o l l o w i n g  i s  the tmnslction o f  an a r t i c l e  . 
. ”  . Genlcin, y. I. FSedvedev,ai?d IiI. P., 

.! .l- L 

Sheki Nilitaxy Medical Order of  Lenin 
1 

Academy imeni S. 11. Kirov, Leningrad, i n  . 

the  Russian-language periodical V o p r o s ~  
psilrhologii  ( Problems 

No 1, Jan/j?eb 1963, ~:~oscow, pages 104-109.7 - 
i n  Psychology) , 

Among the methods elaborated i n  experherba l  
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1 .  INTR ODU CTION 

Variations in patient temperature ,  pulse, respirat ion,  and blood p r e s s u r e  have 
c ' is tomari ly  been used a5 clinical indicators of physiological change. 
n? tura l  that these same var iables  would be applied to  the a s ses smen t  of an 
2;tronaut's condition during hypersuidc flight. 
siLe, weizht, and encumberance imposed b y  the aerospace situation have great ly  
cvnpl ica tcd  tkc measurement  of these old var iables  in  their  new environment. 
Since physiolocical monitoring has byen important to initial space exploration, 
ami sincc the physiological information imparted increases  with the accuracy  of 
t hc  mensurenic.nt used, much effort  !tag been directed toward the devcloprnent 
of Liuinstrumc?ntntion for  flight applications. Technological advance in medical  
electronics has produced sys tems that permi t  continuous and simultaneous 
rn casurement  of many biological s fpals  in the aerospace s i tmtion.  F o r  cxamplc,  
rr'iilia-ture temperature  t ransducers  are avLilable which permi t  convcnient r eco rd -  
inzs of that variable. However, it has generally been difficult, and sometimes 
even impossible,  to obtain respiration data, par t icular ly  resp i ra tory  volume, on 
individuals engaged in  flinht operations. Many devices have been developed to 
f?.cilitate this measurement  and all halve had some disadvantages. Chest s t r aps  
which measure s t ra in  bind the wearer  sufficicntly to prornotc ver t ical  displacc- 
rnent of t h e  lungs, and hence interfere with data accuracy. In  addition, thcy are 
uncomfort.?l)le. 
zcncral ly  i i i xxura t e ,  especially if o r a l  breathing occurs .  
EL tiyht fittin; mask it i a  possible to obtain quantitative volumetric and r a t e  data. 
Hoi-dever, the mask is pr2cliided as a pract ical  solution i f  long duration monitor-  
in2 i s  dcsired.  
r e sp i r a to ry  var iables  in  a quantitative, convenient, and non-encumbering manner  
dirt i?i?, flight woiild, therefore,  be a valvable contribution to the p rogres s  of bio- 
3:; tr onautics. 

It w a s  

But the res t r ic t ions  on instrument  

Tl iermistors  in  thc r l a R a 1  passages have hern rrsed, but a r e  
If the subject wears  

Thc development of a dcvicc capable of accurately measur ing  

For a number of years it has been known that a detectable impedance change 
occurs ac ross  the chest  during the rcspiratory cycle. 
bctwccn two applied electrodes can be measured  with an  alternating cu r ren t  
irl~;-)eddnncc: bridge. 
component, and a reactive component contributed by the effective capacitance 
of t h e  body volume. 
placcmcnt,  frcquency of the applied siznal, and the build of the t e s t  subject,  
zrn~i ig  other factors .  Recently, interest  has been aroused in  the impedance 
n? czsurement  as a source  of respiratory information. 
' i , a v c  pi-iblished on tlie subject during the past  few years  ( S e e  Appcndix C, 
Dik~liography). 

The impedance change 

The tot91 change observed is composed of a res i s t ive  

Impedance measurement  is affected b y  electrode s ize  and 

Several  r e s e a r c h  groups 

In 1961, Spacelabs instituted an independent r e s e a r c h  and development program 
directed toward tlie design and fabrication of an impedance pneumograph suitable 
For in-flight zpplicatione. Two different designs were  evolved. They were  
eviliiated in a se r i e s  of tes ts .  The conclusion reached w a s  that t h o  impedancc 
pneumograph technique was promising but that cer ta in  l imitations had y c t  to  be 
ovcrcorne. The observed sh.ortcornings related to the ability of the technique 
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to provide t rue  volumetric data. 
following sources:  

Measurement e r r o r s  emanated from the 

Changes i n  electrode resis tance,  which caused baseline 
shifts. 

(1) 

Physical activity (such as i-aisin,o, the a r m s  over the head) 
which produced movement ar t i facts .  

( 2 )  

( 3 )  Individual variabil i ty between t e s t  subjects,  which made  
calibration difficult , 

Further work appeared necessary  before the variables of impedance pneumo- 
z raph  measurement  were  understood wall enough tp permi t  the specification of 
an  optimum measuring device and technique. 

T'le present development program was undertaken to provide the necessa ry  
information, and to apply it to  an improved i-npedance pneumograph. The 
program consisted of a study phase and a design ?hasc, and culminated in 
2 s e t  of recommendations for  optirnurn electrode pnRitiming and electrode 
construction, and i n  the production of two flight-packaged pncumograph units. 
Both the s tudy and design phases are descr ibed In t h e  following repor t .  

I. ? EXPERIMENTAL INVESTIGATION OF IMPEDANCF PNEUMOGRAPH 
MEASUREMENT 

2. 1 Rationale and Objectives 

The t rans- thoracic  impedance chanKe, A Z ,  is a complex var iable  
dependent on frequency, current, electrode configuratior! and contact, 
and in  addition on the fundamental biop'iysical propert ies  of the body. 
Accordingly, the exact nature of the chance has  been difficult to define. 
The present  study program wz.s clesignccl, in cognizsace of investigations 
in progress at other research centers ,  as a means of contriLutine to the 
theoretical  understanding of the impedance phenomenon. 

- 1 
xc - 2nOC 

i. e. ,  the impedance change AZ has  a resis t ive component, & R ,  and a 
react ive component, AXc, catscd b y  the body capacitance. I t  hac hecn  
suggested that these components r e a c t  differently to r e sp i r a to ry  actions 
and to artifact-producing body movements.  A basic objective of the 
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inveqtigatior. WPS, therefere,  to  scpara te  those components for 
individual examination. In  addition, w e  were  interested in determining: 

(1) The anatomical source of the impedance change. 

The optimum elcctrodc location for quantitative 
measurements .  

( 2 )  

( 3 )  The best sizc 2nd shapc of c lectrodes to use.  

Which impedance component follows respirat ion 
m o r  c accur atcl y. 

(4) 

(5) Methods for eliminating motion artifact. 

The volumetric correlat ion between measurements  
taken with the pneumograph and a s e r v o  sp i rometer .  

( 6 )  

S i p a l  chances result ing f rom long duration measure- 
ments .  

(7) 

What other biaclectric var iables  may be simultaneously 
obtained usin: the same set of electrodes.  

( 8 )  

The d i rcc t  application of the information Rained wae thc dcsiKn of an 
improved impedance pneumograph, and the specifications of an optimum 
measurement  technique. 

2. 2 Apparatus 

A specialized tes t  instrumentation system was designed and constructed 
to pe rmi t  tiic continuous recordins of cach of the three  izn2edance 
variables:  AZ,  AXc:, and CR. 
Fi:,urc 1. 

This system is  shown schcrnsticallv in  

The signal from a 50 kc oscillator was arranged to dr ive a circuit  wliicLt 
provided a constant cu r ren t  to thc clcctrodc impedance. Thc. voltage 
change across  the electrodes w a s  amplified, and fcd to ei ther  a fdl-wave 
rect i f ier  or a specially d c s i p c d  phase dctector unit. Thc voltagc output 
f rom the rcct i f icr  c i rcui t  was proportional to bl., that Icaving the phasc 
dctector was proportional t o  e i ther  OR or AX Solection of a par t icular  
component w a s  accomplishcd b y  usin? the original oscil lator signal, 
ei ther in-phasc or shiftcd 90’ as a rcfcrence signal to thc phase detector.  
If an in-phase reference was used,  the detcctor yieldcd the in-phase 
componcirt of Lte impedance channc; that is, AR. If a shifted reference 
w a s  used, the detector yieldcd the ima9inary component; that  is, AX . U s e  
of a constant cur ren t  supply to the impedance electrodes eliminated t%.e 

C ‘  
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necd for balance adjustmcnts, and cnsurcd that a change in body 
reactance would not appreciably affect the phase of the oscil lator 
voltage. 
output; so that sequential rccordincs of thc three var iablcs  could be 
made. Tests showed that the equipment provided a good scparat ion 
between resis t ive and reactive changes of impedance. 
c i rcui t  diagram of this systcrn is found i n  Appendix A . )  

The systcm was d e s i p c d  to provide only one voltage 

(The complete 

A se rvo  sp i rometer  manufzctured by Med-Science Electronics ,  Inc. 
(Modcl 250) was thc otiicr rnzjor piece of test equipment. 
a comparison standard for the impedance pneumograph measi i rcments .  
A conventional complement of oscil loscopes,  r eco rde r s ,  e tc .  , 
constituted thc supplementary t e s t  cqiiipment. In addit ion,  a standard 
tilt-table was used to produce variations i n  subjcct orientation for  some 
of t hc  t es t s .  

It provided 

2 . 3  Electrode Placcmcnt  

The body was mapped to determine thc optimum electrode s i tcs  for  
impedancc pneumograph measurement .  
locations examined; the sites shown shaded r ep rcsen t  impedance 
measurements  taken through the chest  ( that  i s ,  f rom front  t u  back). 
P r i o r  to measurcrnent,  commcrc i i l  electrode paste  was rubbcd on 
thc skin, and 5 /8"  diameter gold-plated d i s c  e lectrodes w c r c  tapcd 
into place. 
380 ohms a t  50 kc. Recordiqgs wcre made  showing c!ianges in  total 
impedance, and in the resist ive and capacitive componcnts. For 
comparative purposes the rcspiratory wave form was recordcd with 
a se rvo  spirometer .  

F igure  2 i l lus t ra tes  the site 

Electrode impcdaiicc was found to rangc bctwecn 250 and 

Initially, complete t e s t s  were conducted on two subjects in o rdc r  to 
compare thc m p l i t u d e  of ar t i facts  generated by extrancous movement 
to the amplitude of the normal r e sp i r a to ry  curvc.  Artifact  dcflections 
were recorded during the following activit icsr 

t 1) Raising arms over h c a d  at the side. 

( 2 )  

( 3 )  Walking up two steps.  

Raising arms ovcr hcad in  front. 

(4) Push-ups. 

Rotation on tilt-tablc through a 150' arc s ta r t ing  
in  the vertic2.1 position. 

(5)  

Figurc  3 prcsents  typical records obtained on one subject during normal  
respirat ion,  and while he was sustaining an inhalation and ra i s ing  h i s  arms 
over his head in  f ront  of his body. Three  arm movemcnts a r e  shown on 

-4 - 
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each rccord.  Howcver, as prcviously cxplained, the rccordings ' acre  
irot taken simultaneously and thus rcprcsent  successive runs.  

Aftcr thc initial tcsts, fivc diffcrcnt oubjccte werc instrumented at 
those s i tes  w!iich provided the stroligcvt signal output. F rom these 
additional runs,  it w a s  foilrid tlist: 

Location of thc clcctrodes on tbc extremit ies  
proved uns ati s f actor y for m e as ur ing r c spir ati  on. 

Sensitivity w a ~  grea ter  at locations 1 and 5 
than at -1, 6, 7 ,  10, and 12. 

( 1) 

(2) 

( 3 )  No respiratory signal was detected at position 7. 

Positions 2, 3, 3, and 9 provided good respirat ion 
signals al t~1(>ugi~ the sensit ivity W ~ S  less than at 
1 or 5. 

(1) 

It was observed tha t  with some subjects the impedance changes mcasurcd  
at locations 1, 5 ,  11, o r  13 did not  rnaintnin a consistent rclation to the 
respiratory events. This pheno-mcnon is i l lustratcd in  Figure 4. As 
seen  t!io AZ trace moves upward a s  thc spiromotcr  t r ace  move0 upward 
and falls as the spirometer trscc falls .  Biit xi the sp i romctcr  t r ace  
reaches its minimum positiol., h Z  reverses, and bricfly moves upward 
again. 
the subject w a s  moved to a horizontal position on thc tilt-tablc. With 
the tilt-table at 45', the reversa l  phenomcnon is still prcscnt ;  a t  90", 
it has disappeared. 

Figure 5 shows how this clianze in  direction cor rec ted  itself as 

These observations seemed to indicate that the impedance measurement  
was mater ia l ly  affected by the changing position of the v i sce ra  during 
respirat ion.  

In view of the electrode sites involvcd, it appeared that  thc l iver  was a 
major contribution. To tcs t  t!iis !iypot?wsis, olectrodcs were  placed at 
the ninth r ib  on the right s idc ,  and at t!ie sixth r ib  on the r ight  side,  and 

line bctsvecn tliem. 
should present  a low impedance pathivay. 
held his breath and ra i sed  his armc,  the result ing upward movement of 
the l ivcr  should lower the measured impedance between thc selected 
electrode s i tes .  

at t k . ,~  ~ b t h  ~ i b  the !aft  id<, Fie S.S t o  iiic!iid@ t he  tap iif t i i ~  :iv<:i ~ Y I  t:ii.  

The liver i s  a high-dcnsity mass, and accordingly 
I t  was reasoncd that i f  a subject  

Figurc 6 reproduces a record bearing out this supposition. The second 
arm raising episode, with the a r m s  raised in front of thc body, gives EL 
clearer indication of thc resul ts .  A s  the a r m s  are raised th ree  times, 
thrcc definite drops in impcdancc occur. 
for  all five subjects,  but the elcctrode placement was different for each, 
indicating that l ivcr  positson differs somewhat among individuals. 

The same data was oLtaincd 

-5- 
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It was concluded from h e s e  tests that movement ar t i fac t  could bo 
rcducsd if the impedance electrodcs included a substantial  chest  
volumc, but wore acroes the top of the live*. Sevcral such electrode 
positions were  examined. The location which produccd the mbs t  
stable and tcpcatablc signals utilized one electrode in the middle of 
the back at the second lumbar ver tebrae  and the bther on the r iE:ht  s ide 
at the mid-auxillary line behvccn the scventh and eighth r ibs .  
exact positiofi of the latter elcctrodc had to be varicd with thc individual 
atid the relative position of the liver. 
using ffrie electrode placement. 
are clcar ly  defined, but t h e  deflections duc to arm rnotrcmcnt are quitc 
small .  Thus, it appeared that clcctrode placcmcnt across the top of thc 
l iver  offered a bet ter  measurcmcnt approach than placing the elcctrodcs 
direct ly  opposite each other on the chest. 

The 1 

Figurc 7 ehbws a typical recording 
A e  scen, the rcsp i rn tory  moverncnts 

2.4 Elcctrodc Desien 

The following types of electrodcs w e r e  procured or fabricatcd, and 
werc tested to determine the one moet suitable for long-duration 
impedance monitoring: 

(1) 

( 4 
Gold-plated disc - 518'  diameter.  

Stainless steel scfeon - 5/8" diameter.  

( 3) 

14) 

( 5 )  Silver - 5/8" diameter.  

Silver-silver chloride - 5 / 8 "  diameter.  

Silver-eilvcr chloride - 3/8" diameter .  
I I 

I :  

( 6)  Silver with eponge i n se r t  - 5 /  8" diameter.  

The silver electrode with a sponge i n se r t  produced the best rcsul ts .  
Figurc 8 i l lus t ra tes  the construction of this electrode. 

. 

???e electrode she!! W ~ S  prepared frem n,i!ast?t rcbbci; *e attached 
Stomaseal ring prodded adheRion to the .skin. An opcn-cell pIastic 
spongc with Q center holo was cut to fit the well i n  the eloctrode shell. 
Thc dponge was moistened in water ,  squcezed out, and then placed 
mois t  into a container of Burdick Elcctrodc Paste. It absorbed 
sufficient paetc to ensure good conductian. 
applied to the skin, the hole in the sponge prevcntcd cxccss psstc 
from being squeezed out under  thc l ip of the electrode shell. 
rcsu l t s  indicatcd that u silver-silver chloride base offercd no advantago 
O V C ~  pure s i lver  in this confiplration. Similarly,  changes i n  electrode 
size had a negligible effect aside from influencing the convenience of 
application. 

When thc electrode was 

Tast  
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2 . 5  ImDedance Components 

Fur thc r  investigations of the impedancc components during resp i ra t ion  
and body movements were  uildcrLaken on fivc subjects,  using the 
prcfcr rcd  electrodes and clcctrodc position. 
obtained while the subject raised his arrns over hi3 head. 
observed that bR incrcases  as t l ic ayms arc ra i sed ,  while AX 
The effect  on AZ is indeterminant hci-e. 
seen i n  t!le records  of F igure  10. 
larger magnitude uf the AR tract: is c lcar .  
k Z  t racc  responds much less to the artifact-producing motion, par t icular ly  
d u r i q  t!ie sustained inhalation. 

Fii2;urc 9 prescnts r cco rds  
It m a y  be 

dcc rcascs .  
Much tnc same resul t  is a l so  

Tiic G7, t r zcc  is  clcai-. 
F i cu rz  IO shows that the tyFica1ly 

The 

It was concluded f rom the tests condv.ctcd that the impcdancc chanEes 
obscrvcd w e r e  a combination of isvo cornponcnts. 
somewhat smal le r  in amplitude th2n the r c s i ~ t i v c  comporicnt, it  nppcsrcd 
to be less subject to movcmoct art ifact .  
6.7, should be used a s  an indicator of rcspiration. 
the good correlat ion bctwcen rcspiratiun I-ccordcd N itZi thc impedanco 
pncurnograph and respirat ion simitltancously recorded with the servo 
spiromctcr .  It i s  interesting to notc that t!ic irnpedancc measurement  
has a significantly shor te r  rcsponsc t ime. 

While AZ w 3 3  ~ c n c r a l l y  

It w w ,  thercforc ,  dccidcd that 
F i z u r c  11 i l lust ratcs  

2.  6 Long Duration Monitorinz ...P 

Thc spongc clectrodos were svorn for 24 hours b y  a test subjcct. 
Electrode impedance at the s ta r t  of thc tes t  w a s  320 1 - 3 6 "  ohms. 
thc end of the tes t ,  it had chanycd to 350 1 -3loCohms. 
pneumograph record  obtained sf tcr  24 hours  appcarcd quite normal. 

A t  
Thc impcdancc 

2 . 7  Concliisions 

Thc conclusions derived f rom the experimental  stmdy a r c  su-mmarized 
below. 

The impedsncc change associated with th t :  r c s p i r ~ i o r y  
cycle is causcd mainly b y  the s!iiftiiig of tlic viscera. 
Sincc the liver i s  t ho  l a rgcs t  and dcnscst  homoccncous 
body subject to thcsc movements,  it i s  responsible for 
the major portion of tho iinpednncc changc. 

( 1) 

Art i f ac t  duc to rnovcmant of the subjcct can bc minimized 
b y  careful placcmcnt of thc electrodes with respec t  to 
the liver. 

( 2) 

The spongc invert  s i lver  disc  e lectrodes offer s o m e  
definite advantages for  irnpedance measurement .  
produce minimcf movwncnt art ifact ,  and exhibit 
excellent stability over periods up to 24 hours. 

They 
( 3 )  
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Impedancc (hi'.) is less susceptable to  motion 
ar t i fact  t!inn cithcr AR or LX and is, thcrcforc,  
m o s t  easily c a l i h a t c d  for volumetric dcterrrinations.  C 

Because the Scs t  clcctrodc position for inipcclance 
measurement i s  a c r o s s  thc l ivcr ,  it is not practical  
to take ECG wit:) thc s a m e  s e t  of clcctrodcs. HOWCVCI, 
i f  rcapir;tion ra tc  only i s  dcsired,  i t  would br: possible 
to place tkc clectrodco across the ches t  to  obtain the 
ECG with thc s w c  s e t  of clcctrodes. 

Althoulr,h reasonabls voluivctric corrclzitions bctwcen 
the impcdm-cc rncasurerncnt and thc scrvo sciromcter 
could bc obtsiirdd m d v r  good rccord i :q  conditions, a t  
the prcsent  t imc it appears that €or long term monitorin; 
of activc stlbjccts, thc  i.*ly?cdancc pncxmograp!: is lirr itcd 
to providing yaspirntory ratc information and a f a i r l y  
stablc wnvcform rcprcscntativc of thc r e sp i r a to ry  Frofile. 

DESIGN OF IMPROVED IMPEDANCE PNEUMOGRAPH SIGNAL CONDITIONER - 3. 

3. 1 Introduction 

The resu l t s  of the study program formcd thc bas i s  for tlic clcsign of a n  
im p 1' ove d in1 p c: danc e p nc: urn og r i qh. F a c tor s *.J 1. i c i 1 i nf lucn c c rl th c d c E i ~n , 
but wcrc  not part of the s t u d y  pro?ra!n. w c r c  pa ramc tc r s  stich a+. supply 
voltagcs, method used to couplc t1:c rcspirzt ion system to t'w rocordcr  
(a. c. coupled or  d.  c .  coupled) and  various other detailed ruquirc~mcnts 
which are covercd in Section 3. 2 of the Per fo rmance  Spccificntion. Milch 
additional information rclativt. tu ripti-tyt-xn operatiiig frcqwncj' ,  c tc .  , car1 
bc obtained in  the published ar t ic les  of other cxperimcntors  ( re fercnce  
Appcndix C, Bibliography). 

Ea r l i e r  sections of this r e p o r t  pointcd out that movemcnt of the v i scc rz  
was  one of the primary cc?-uscs of thc impedance chanze which occurc: 
diirinc respiration. It has I>ct.n ohstxrvcd ths? ?h_c mevc'~:e:it of G:c -"+5cL 

appears  to Have hysteresis; i .  L . ,  tl?c vioccra  does not s lw?ys  re turn  t o  
the same position after body mnvcment a s  i t  h a d  before the rnovcmcfit 
s tar tcd.  
Other factors which cause chanycs in thc hasic impedance a r c  elcctrodc 
movement with respec t  to thc skirr, tiic length of t i m e  the elactrodas havt. 
bccn applied, the enviroiuncntcrl tcmpcrr7-tu.rc surrounding the t c s t  subject, 
arid posture.  It is e a s y  to  dmionstratc  that gross changes in bascline 
impedance resu l t  f rom charrgc:s in pos turc  of thc t e s t  subjcct. 
of impcdance can be related direct ly  to chances i n  thc position of thc 
viscera. A s  s n  illustration, if thc tes t  subject 's  basic  impedance is  
mcasured  while sitting i n  a cha i r  with back st raight  and hands folded in 
lap i t  might typically be approximately 350 ohms at  an  arlglu of -30 '. The 
A 2  corresponding to shdlovj brcat!>inF could easi ly  rnngc from 0. 1 to  1 
ohm and the AZ rcsulting from maximum air  cxchnngc could v.?ry between 
1 and 15 ohms depending upon thc physical  s i ze  of thc t e s t  suhjcct. 

This hysteresis  results in  a filiite change i r l  the basic impcdancc .  

This cllnn<qc. 

Hov,b;.cvcr, 
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i n  a slouchcd position the basic impedance could easily change from 
350 ohms while sitting upright to  approximately 300 ohms in  thc 
slouched position with the AZ reduced correspondingly as a r e su l t  of 
change in  posture.  Similar resu l t s  can be  obtained with the t e s t  
subject strapped to  a tilt-table where the force of gravity acts upon 
the mass of thc viscera .  However, undcr spacc environment, the 
posture of the astronaut would be one of the p r imary  factors  ccriitribut- 
i n g  to bas ic  impedancc cfianzes since in the ' 'zcro g'' eiiviiromncnt 
there  would be no relotivc chailgc iil the position of the v i s c e r a  otlicr 
than that caused by muscular contraction. 

The ability to obtain good respiration data using the impedance pncumo- 
graph technique is dependent upon many factors ,  of which thc grea te r  
sha re  cannot be improved by electronic design. A few examples are  
the selection of electrodes,  adequate skin preparation pr ior  to clcctrodc 
application, the choice of electrode position, and assurance  t!mt a tight 
bond is obtained between thc  electrode holder and the body and evapor-:tior: 
or absorption of the electrolyte. 

I t  has been observed that if the electrode diameter is in  excess  of 3 / 8  
of an inch, the basic  impedance does not vary  appreciably between 
different types of electrodes. 
related to the physical build of tke subject. 
a function of respirat ion and is direct ly  re la ted to  the volume of the 
thoracic cavity. 
in  LIZ for  equivalent respiration than slendcr  subjects.  
indicate that the basic  impedance increases  as the area of the electrode 
is reduced. 
reduction in the magnitude of t h e  impedance change for a given volumc 
of air exchanged. 

Bc?sic impedance has becn found to bc 
This impedance changes as 

Stocky SubjCcts tend to !mve relatively sma l l e r  c!:angcs 
Tes ts  c lcar ly  

This increase  in basic  impedance is nccmpan iad  by a 

Due to  the nature  of the measurement,  the design of an improved 
impedance pneumograph signal conditioner mns t  be based upon CL 

compromise of conflicting requircmcnts and should bc capable of 
reasonable performance regardless  whether the d c s i p  parameter is 
physical, anatomical, or electronic in  nature. The two pneumopap3 
ijignz1 conditioners delivered should prove to be very useful in o b t a i r h g  
resp i ra tory  data under many conditions of non-optimum environmcnt. 
The basis for the design of t!icse units was established by the rcqui re -  
ments  of a performance specification. 

3.2 Performance Spccification 

Following the conclusion of the test program, a prel iminary specification 
for thc pncumograph signal conditioner was prepared and reviewed with 
NASA's technical personnel. A s  a re su l t  of these discussions,  the 
following specific ation was adopted . 

-9 - 
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1 v o l t / a h  ma. 

for  Eo = 2 . 5  -k 2 . 5 ~  

& Z  = t 15 ohms max. - 
3 . 2 . 2 . 5  Frequency Response 

a) Direct coupled mode: 

d. c. to 10 cps ( - 3  db at 10 cps) 

1 

3 . 2 . 1  Scope 

This specification defines the reqzirements  for  3 signal 
conditioner amplifier to operate in conjunction with suitably 
placed electrodes as an irnpcdmce pneumograph. 

3 . 2 .  2 Requirements 

3 . 2 . 2 .  1 Input Impcdsncc: 10 k o h m s  min. at 50 kc 
1 M ohm min. a t  3-133 cps 

3 .  2.  2. 2 Electrode Excitation: 50 kc +- 5 Icc (nominal 
35 mv-across 286 -j 110 ohms) 

3 . 2 . 2 . 3  Output Impcdancc: 1000 ohms maximum 

3. 2. 2 .4  Transfer Character is t ics :  

A mode switc-.i and z:iin adjustment shall  provide the 
following: 

a) Direct coupled mode: 

volt/ohrn min. Eo ma : T 
1 

volt/ohm max. 

where 0 S Eo s 5 VDC 

b) A. C. coupled mode: 

Z e r o  signal output voltage: + 2 .  5 VDC - +S% 

AF.n 
-: vottjohrn min. -- - 

- 10- 
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b) A. C. covpled m-ode: 

0.032 cps to 10 cpa (-3 db at 0.032 cps and 10 cps) 

3. 2. 2. 6 Lint,arity 

+ 5% of maximum output - 
3 .  2. 2. 7 Zero s a t  adjustment (d i rec t  coupled mode): 

2 . 5  VDC for electrode impedances of 280 to 320 o! lms.  

3.2. 2 . 8  Temperature  Range (operating): 

D.C.  Mode: 5 0 ° F  to 100°F 
A . C .  Mode: 32°F to  130°F 

3.  2. 2.9 Drift (operating tempera ture  ranye): - 
D. C. Mode: t 0 .  6 v maximum 
A . C .  Modc: 0 .  1 v maximurn 

3. 2 .  2. 10 Gain Stabil i ty (A .  C. or D. C. Mode): 

60°F to 100°F: -F 5% 
32°F to 130°F: 7 10% - 

3. 2. 2. 1 1  Power 

4-28 t 2.8  VDC @ 50 m a  maximum - 
3. 2. 2. 12 Size 

7 

4. 5 cubic inches 
9 /16  x 2-1 f S  x 3-3f4  inches 

3. 2 .  2. 13 Connector - 

Cannon MD- 1 -7SL2 (Mating Conncctor: Ca-nnon 
MD- 1 -9PL2) 

-11- 



3 . 3  Design 

The performance specification of Section 3 .  2 provides a basis for the 
design of an impedance pneumograph signal conditioner. A reqiiircrnent 
of the performance specification which was v e r y  difficult to provide was 
the cnpability of either a .c .  or  d . c .  mode of operation. A . C .  operation 
is obtained b y  capacitive coupling the detected c a r r i e r  signal to the input 
of a d.  c. amplifier which is  tl-rc: last s t a c e  in  the unit. 
opcration is conventional and does not present  m y  difficulty. The d. c .  
rnodc, howevcr, is riot as easily oLtainnLle in a unit which has the same 
order  of output stability as that produced in the a. c. mode. The design 
problems associated u4th d.  c. mode of operation is disc\zssed below. 

This  mode of 

An impedance pneumograph is a device which rneasmes  the chanrre in  
thoracic irnpedance (AZ) duriqg rcspirat ion and produces an e lcc t r icz l  
output s i p a l  which is proportional to this change. The convcntional 
method of producinc?; an output si?nal proportional to  tho change in  
thoracic impcdancc is b y  exciting the pnewnograph elcctrodcs with 3 
fa i r ly  h izh  frequency (50 kc)  constant cu r ren t  generator  and detecting 
the result ing modulated ca r r i e r  siznal yeneraled by tlzc change in  
impcdancc across the e1ectrodL.s. ( C a r c  mus t  be takcn to ensure that 
the voltage applied across the thoracic cavity docs not exceed a safe 
maximum (0.5 volt peak-to-pcak) to  preclcde the causinc of cardiac 
fibrillation. An cstablishcd s d c  opcratinp voltage is  approximately 
100 rnv pcak-to-peak a c r o s s  3 5 0  ohms resis tance.  A t  this excitation 
level, as thc elcctrode impedance rises toward thc dcsign l imit  of 
600 ohms, the electrode voltagc rcmains zt a s d c  Icvcl.) Thc 
electrode voltage is then amplified and peak-detcctcd whcrc  the 
modulation component is separated f rom the c a r r i e r  .3ignal. If the 
elcctrodc signal is assumed to bc 100 m v  pcalr-to-pcdc a c r o s s  3 5 0  
o!ms in the absence of respiration, the electrode cu r ren t  is: 

= 0 . 2 8 6  ma pcdk-to-peak 100 ic = 'y 

kl = 2 (conversion from peak-to-peak-to-pcak) 

k2 = 

Therefore ,  

2 (desizn factor for summing nctworlr) 

AT = total pnoumograph gain 

-12- 
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1 This c a r r i e r  amplifier &ai,i (A ! can bc determined i f  thc d.  c. Rain 
i s  established (Adc-  40). 

4 660 
- T u - =  116 

The detcctor t r ans fo rmer  has a stcm-up ra t io  of 1:3, thcrcforc ,  thc p;ai:i 
of tlic ca r r i c r  amplifier must  bc: 

W i t h  the pncimograph gain scaled 2 s  sboim above, a 15 ohm changc 
in e loctrodc impedance ( A 7  = 
output sicnal. If tlic total gain prcccdcd tilt detcctor,  thc rcctificd 
c a r r i n r  s i p a l  i n  the absencc of rcssyircttinn woulc! be E = 0. 1 x 4660 = 
466 volts tvldcll excecds tlic c1::narnic ranee pousil,le with a t22 volt 
supply and fur ther  this msznitude of voltarc exceeds t ! ~ c  capability of 
conventional t rans is tors ,  
bctwceu a. c. and d. c. stages .  

15) will producc a 5 volt pca?c-tr,-pC-alr, 

F o r  tlicse reasons, thc g3i11 - ? u s t  bc dividcd 

In orde r  to d. c. couple thc det.;ctc?r otitput s i p z l  to thc d. c .  ?mplificr,  
tLc average carr ie l -  signal lcvcl (wit!iout rcspiratioil) must b e  s u p p r e s s e d  
to zero  volts. 
bctvJecn the detcctor and a potcntiornctcr wliicl: is encrcizcd frorn 2 stnlstlc 
d. c. source. B y  adjusting thu  potenticx?r.tcr to a voltage lcvel whic?i is 
as much positive as the d e t c c t o r  i s  ncrntive,  the output of the s i m ~ r n i n g  
network is zero. 
conditioiiers. 

This can be nccornplis5cd uc3ing =I summiu.q nc tvork  

This method is used  i n  the d c s i p  of thc signal 

With lhc rcqiiired ca r r io r  si?nnhl ??in ncccssary  to producc thc dcsii-cd 
outp il t s ignal, any t em per atur I.. i :ltiv cc cI c i r cui t c h a n y c  s ,  
resulting from niovemcnt of vita1 orqaw, variations in cilcctrodc 
contact, and 2 vzriety of ot!cr zr t i fncts  c3iiscs 1ar:c oiitput lcvcl shifts 
to occur. This will ncccssilatc rt-balzncln? the potcntiomr.tc.r t i s c d  tc! 
buck out thc avcrage detectcd carvier. Xi.sn?I. A s  nn cxamr,lc, .?nsuxrnc 
thzt  body movcmcnt causcd 1:j i  hi-stcrcsi., resulting i n  
in electrode impedance. Thc d .  c. resulting signal would bc: 

h y t c r c b  s i s 

onc ohm ciiancc 

e = I x 0.286 x x 116 = 33. 2 x volts 
a t  thc input to t h c  d. c .  xnp l i f iu r s .  
amplifier has 2. ::?.in of 10, tlicrcfore, the 
result ing chanmc .?,t thc ouitpi1t of the d. c. 
amplifier would bc: 

The d. c. 

E = 0.0332 s LO 1. 33 volts and rcbalancing 
oPCthe buckin:: potentiorneter would be required 
to r e s e t  tijc l > ~ ? : j ~ l i n c .  

The discussion outlined abovc i l lustrates  tiic magnitude of thc problem 
of designing a d. c.  couplcd pr!cfunograp!i si;",n;ll conditioner. Hov/cver, 
i f  C!ic unit is periodically rezcrot-d,  La:,t:lint: respiral ion d a t a  can  b e  
obtaincd w!iich relates the outpi i t  si:nal to the volume of air  cxchangcd. 
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In the a. c.  m o d e  of operation, the coupling capaci tors  charge to levcls  
determined by the magnitude of the detected c a r r i e r  signal and block 
t he  changes discussed above provided the signal changcs a r c  slow 
compared to the system time constant. 

The dcsign, as shown on Schematic Diar ram No. 102213, consis ts  
of an oscil lator,  electrode dr iver ,  c a r r i e r  amplifier,  detector,  d. c. 
anp l i f i e r ,  negative 12 volt invcrtcr,  and a power l inc voltago r cp lz toy .  
Six tcrminals  which are extcrior to the case permi t  thc operator to 
sc lcc t  either a. c. or  a d, c. mode of opcration. 
opcration can be obtained by propcrlv jumping the terminals  in 
accordance with Table I, Drawing 102213. 
designed to  operate f rom a supply voltage which can vary bctwcen 4-25. 2 
to 4-31 volts d. c. 

The desired mode of 

This signal conditioner w a s  

Circuit  Description 

Each of the major  par t s  of thc pi i~uinograph  signal conditioner furnished 
under this program is described in  thc paragraphs that follow. 
of Operating Instructions, Spacclabs No. 102329, a c c c m p n i 2 d  t!?? two 
units delivered and should bc used for proper operation of the u n i t .  

A sc t  

Oscil lator 

A 50 + 5 kc oscil lator consists of 0 1 5  and i t s  associated componcnts. 
LC typc of oscil lator was se lcc tcd  since i t  offered the hcst comprornizt. 
with respec t  to simplicity, frequency stability, and minimum harmocic  
content in  the output siqnal. 
Tcs t s  have shown that thc m p l i t c d c  of the output signal var ics  a p , p ~ c ~ i * - ,  C t r -  
l y  0 .  1 volt per volt changc iii Yiipply vo1tag:c:. 
at the emit ter  of Q15 and thc larrl,? value of the emit ter  res i s tancc ,  R 6 5 ,  
maintains essentially unity SA?- cvcr  t71c cnt i rc  rangc of thc operating 
environment. This is evidenced b y  coinpletc freedom from waveform 
clipping imdcr all conditions of opcration. 
which is connected to thc collector of 0 1 5  establishes thc d. c. bias, o p c ~ z t i n ~  
point, and the magnitude of thc oscil lator signal which is coxplcd to the 
elcctrodc dr iver  circiiit, 

A?- 

Tliis oscil lator c i rcui t  is sclf-repulntin:. 

Posit ive fccdback is injectc.c; 

The r e s i s to r  capccitor netbvork 

Elcctrode Driver  

Thc pncumograph clcctrodcs zrc excited using a differential constant 
current source. The source consists of X X and the secondary of 
t ransformer  T1. It was found necessary  tE%eeg$hc load reflected f rom 
thc primary of the elcctrodc dr iver  t ransformer  T1 to R77 smal l  enough 
so  that changes in  the electrode impedance are not reflected back as z 
variation in  load to the oscillptor. 
in a Darlington arrrrngemcnt to reducc the effect of clcctrode load on tllc 
osci l la tors .  
the electrode cur ren t  is essentially indepundcnt of thc elcctrode impedzincc. 
Thc voltage developed ac ross  thc elcctrodes is differentially coupled to 
t rans is tors  Q12 and 0 1 3 .  

Trans i s to r s  0 1 4  and 0 2 5  are connected 

Sincc the capncitivc rcactance of C5 and CG a t  50 Icc  is lar?!c, 

- 1-1- 
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C, 2 I I- i E r -Am- p 1 i f  i c r 

A diffcrential amplif ier  s tage  is used to reduce the effects of pickup 
( 6 0  cycle) on the clcctrodc lcads ,and to maintain s t r a y  signal balance 
with respec t  to ground. 
(212 and Q13 is designed to  bc approximately 50 microampcrcs .  This 
value of quiescent cur ren t  opcrr.liiig k i th  9 volts of base  bias requi res  
a largc value of ernittcr rcsistancc.  
provide adequate common -mode r c jcc  tion ivithout rcquir ing t ransis tor  
constant-current stages.  
of inducrzncc L2 and capacitors C9 and C10 (anti-rcsonancc at 50 kc). 
A tuned circui t  is used its a coflcctor load inpedancc  to furt!ier rc jec t  
common-mode signals f rom thc output. This tuned circuit  is shunted 
by R 4 8  and the reflcctcd load of t ransis tor  011. 
irnpcdance reduces the opcrz tkg  circui t  0 s o  that less than 1 db of 
amplitude change occur6 over the operating frequency i.ange of 
50 f 5 kc. 
couiled through an additional amplifier stage, Q l O ,  and then to the 
detector t ransformer  dr ivcr  s t a y e  consis t ing of t rans is tors  0 6  and 0 9 .  
Rnothcr Darlington arrangemcr?t is  used to reduce the rcflcctcd load 
of the detector t r ans fo rmer  tu t h e  collcctor load impedance of amplifier 
Q30 
over the operating tempcraturc range. 
transformer, T2, is a.c .  coupled to the emi t tc r  follower drivc:r stage. 

Thc  qi:it.scent operating currcii t  of t rnns is tors  

Larpc values of cmi t tc r  rcs is tnnccs 

The collector load impcdancc? of 0 1 2  consists 

This  value of shunt 

The single-cnded output s i p a l  a t  the emi t te r  of Q11 is 

This type of c i rcui t  configuration maintains adcqurstc gain stability 
The p r imary  of the dctector 

Detector 

Thc secondary of t ransformer,  T2, (1:3 ratio) is conncctcd to a bridge 
rect i f ier  c i rcui t  which dctccts thc peak amplitude of the carrier signal. 
Thc modulated c a r r i c r  is dctcctcd at the secondary of T2 by  the use  of 
a full wave bridge rec t i f ie r .  Capacitor C15 a t  the output of the bridge 
rect i f ier  is charged on each ne;!ativc peak of the c a r r i e r  signal. The 
tinme constant of the detector c i rc i \ i t  is sufficiently sho r t  to  follow the 
'iighcst respirat ion ra te .  
mode of operation only as an irnpcd;uice t ransfer  stage. 
connected in  a source follower cnnfiEuration and i t s  output is caprrcitivcly 
coiiplcd to  the input to the d. c. amplifier.  In thc d .  c. mode of opcrztion, 
thc output of ti le dctector is sizmrncd w i t h  thc vrnltagc dc.tcrr;.,inzc! b y  the 
setting of potentiometer R78. I178 adjustcd until the output of thc summinn, 
network is zero (in the absence of iz respirat ion signal). 
summing network is applied to t l x  input of the d. c. amplifier.  

D. C. A m p l i f i e r  

The d. c. amplifier used in the design of this system has a gain of 
app-osirnately 40. 
lyr l inearity,  and the output drift is l e s s  than + 50 m v  ovcr the  operating 
tcniperaturc  range. This amplifier is  comprGed of t r ans i s to r s  Q1, Q2, 
Q3, Q4, and Q5. 

Fiuld cffect  t rans is tor  Q18 is used  in the a. c. 
Q l S  i s  

T ~ L '  output of thc  

This amplifier has 0.57r gain stability, bet tcr  than 

-15- 



- 12 volt Supply 

The d. c. amplifier requircs  -12 volts d .c .  for its operation. System 
sFecifications require  that the imit be capable of operatizg from a t 2 8  
volt supply. It was, therefore, ncccssary  to  provide a sclf-contained 
invcrtcr  power supply. 
supplies approximately 34 VOlt'3 peak-to-poak at 4 kc at the secondary 
of t ransformer  T3. 
rect i f ier .  The output of thc rc.ctific.r iq f i l tered by capacitor C22. 
The fi l tered output is then zener-diode-rciulated to  - 1 2  volts d. c. 
Since the d. c .  amplifier is rclcztivcly insensitive to sma l l  changes in 
the negative supply voltagc, a sinnplc zcncr regulator can be used. 

The invcrtcr is  conventional in design and 

This s i g n a l  i s  rcctified using a full-wave-brid2;e 

Powcr Regulator 

It was necessary  to provide a vnricty of supply voltages to obtain 
suificient isolation between thc various stages of the signal conditioner. 
The power regulator consists of zener diodc 25, t rans is tor  Q16, zencr 
diode Z h ,  zener diode 27, transistor Q 1 7 ,  zener diode 28, and zener 
diode Z9. 

Zener diode 2 5  together with t rzns is tor  Q16 is a roughing regulator 
which reduces the voltage clian,yc to the second stage rcgulator when 
t h e  input voltage var ies  bctLilecn 4-25 and 4-31 volts d, C .  Thc output 
of the roughing regulator supplics voltage to zcncr diode Z h (vi:iich 
supplies 420 volts to  the - 12 vc3lt i aver tc r )  and also powcrs zener diodc 
2 3  and transistor Q17. T!iis zt:nCr diode-transistor combination providt,s 
a fa i r ly  wcll regulated sourcc of 4- 15 volts for use in the c a r r i e r  m p l i f i ! ~ r .  
In addition, the 15 volt supply poxyers the d. c. balance potcntiometer frolii 
zener diode 28 and is also rediicod to 4-10 volts by 2 9  for u s e  in the d .c .  
amplifier.  
filter capacitors provides cornplcte isolation between each section of the 
signal conditioner. 

This s e r i e s  of regxilators in corijunction with the various 

Thc pneumograph signal conditioner as shown on Schematic Diagram No. 
102213, was designed to comply with tlic requirements  of the performancc 
spt.cilicat!on. 
provides the capability for long term monitoring of respirat ion rate undcr 
thc  spccified conditions of cnvironniental tcmperaturc  a n d  in zddition 
provides for  shor t  t e rm experiments with a n  output signal wliich is rel:?. 
to the volume of air exchanged. 
mentor  with a unit which is unique in the a r t  of impcdance pneumography. 

The faatcie of opi.rLiicm iii eiiiier an a. c. or  6.  C .  mode 

i 

This instrument provides the expcri-  

.I L. SUMMARY 

U n d e r  2 contract with NASA, Ames Rescarch Center,  Spacelabs, Inc., ca r r i ed  
out  ;I r e sea rch  and development program directed toward the des ign  and fabrication 
r3f 271 improved impedance pneumograph. 
indcpcndcnt rescarch ,  performed b y  Sprrcclabs, which cxamincd the  relationship 

The work grew out of some prcvious 



;:etvicen the. impedance measurement an6 volumetric changes during brcathinp,. 
In tt:e present  program,  a series of t e s t s  were  conducted to provide informatioil 
r cy3rCdiiig tiic cffects of several factors (including electrode placemcnt, c lcctrodc 
df.-Aiyri 571d body movcmcnt) on thc v x i o u s  components of thc tnpcdancc  changc. 
T:AC iaformstion obtained during t h e  siudy phzse aided in  the dcsign of 3 ncw 
i r- i?~~c-!n.ncc pnc:irnocyaph signal conditioner. 
m - -l. LA..! delivcrcd to  NASA, Amcs Rcscarck Ccntcr ,  for fur ther  t e s t  and evaluation. 

Prototype units werc  fabricated 
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